In this paper, we study availability and profit optimization of a series-parallel system consisting of three subsystems A, B and C in which A and B are cold standby. Subsystem A consists of linear consecutive k-out-of-n units while subsystems B and C consist of a single unit each. The system works if any of A or B and C work. The objective of this study is to maximize the steady-state availability and profit. To solve the optimization problem, different numbers of units for n = 2, 3, 4, 5 in subsystem A are considered. Explicit expressions for busy period of repairmen, steady-state availability and profit function are derived using linear first order differential equations. Several cases are analyzed graphically for n = 2, 3, 4, 5 to investigate the effects of various system parameters on availability and profit. The paper also presents graphical comparison for specific values of system parameters and finds that the optimal system configuration is when n = 5.
Introduction
The series-parallel systems consist of subsystems connected in series where each subsystem consists of units arranged in parallel. Failure of any one of the subsystems leads to the failure of the system. These systems are used in industries, power stations, manufacturing, production and telecommunications. Due to their importance in promoting and sustaining industries and economy, reliability measures of such systems have become an area of interest. Among the reliability measures of interest there are the steady-state availability, busy period, profit
Assumptions and States of the Systems

Assumptions
1) The system is attended by three repairmen;
2) The failure and repair time are to be assumed exponential; 3) Units in subsystem A are linear consecutive k-out-of-n; 4) Subsystem A and B are in cold standby; 5) Repair is instantaneous; 6) Repaired unit is as good as new. 1  2  3  4  5 , ,
States of the System
R G G S S R S A A A A B C ( ) 7 1 2 3 4 , ,, , , ,W R G G S R S A A A A B C ( ) 8 1 2 3 4 , ,, , , ,W W R G R G S A A A A B C ( ) 9 1 2 3 4 , ,, , , ,W W R G G R S A A A A B C ( ) 10 1 2 3 4 , ,, , , ,G W R G R G S A A A A B C ( ) 11 1 2 3 4 , ,, , , ,G W R G G R S A A A A B C ( ) 12 1 2 3 4 , ,, , , ,G G S S S R S A A A A B C ( ) 13 1 2 3 4 , ,, , , .G R G G S R S A A A A B C System IV ( ) 0 1 2 3 4 5 , ,, , , , ,O O S S S S O S A A A A A B C ( ) 1 1 2 3 4 5 , ,, , , , ,R O O S S S O S A A A A A B C ( ) 2 1 2 3 4 5 , ,, , , , ,G R O O S S O S A A A A A B C ( ) 3 1 2 3 4 5 , ,, , , , , W RG W R O O S O S A A A A A B C ( ) 7 1 2 3 4 5 , ,, , , , ,G W W R G O O S A A A A A B C M. S. Aliyu et al., , , , ,
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( ) 8  1  2  3  4  5 , , , , , , , 1  2  3  4  5 , , , , , , , 1  2  3  4  5 , , , 1  2  3  4  5 , , , 2  1  2  3  4  5 , , , 3  1  2  3  4  5 , , ,
Models Formulation
3.1. Availability, Busy Period and Profit Modeling for n = 2
be the probability vector for system at time 0 t ≥ . Relating the state of the system at time t and d t t + , the differential equations for the system when 2 n = can be expressed in the form: 
For the analysis of availability and busy period cases of system, we use the following procedure to obtain the steady-state availability, busy period and profit function. In steady-state, the derivatives of the state probabilities become zero and we obtain 
Replacing the last row of (2) with the normalizing condition below 
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to obtain the states probabilities
. Let T be the time to failure of the system for system. The explicit expression for the steady-state availability is as follows: The steady-state availability is given by ( ) ( ) ( )
From state 1 to 6 the repairmen are busy in those states repairing the failed units. Let
( )
1 T B ∞ be the probabilities that the repairmen are busy in the states repairing the failed units. Using (2) and (3) above, the explicit expressions for the steady-state busy period of repairmen are as follows:
The system/subsystems/units are subjected to corrective maintenance at failure as can be observed in states 1, 2, 3, 4, 5 and 6 of system I. In those states, the repairmen are busy performing corrective maintenance action to the system/subsystems/units at failure. The expected profit PF 1 per unit time incurred to the system in the steady-state is given by: Profit = total revenue generated − accumulated cost incurred due corrective maintenance to the failed system/ subsystems/units. Thus
Availability, Busy Period and Profit Modeling for n = 3
Let ( ) ( ) ( ) ( ) ( )
be the probability vector for system at time 0 t ≥ . Relating the state of the system at time t and d t t + the differential equations for the system when 3 n = can be expressed in the form: For the analysis of availability and busy period cases of system, we use the following procedure to obtain the steady-state availability, busy period and profit function. In steady-state, the derivatives of the state probabilities become zero and we obtain ( ) 
Solving (8) and using the following normalizing condition
, , , ,
. The explicit expression for the steady-state availability is as follows: B ∞ be the probabilities that the repairmen are busy in those states repairing the failed units. Using (8) and (9) above, the explicit expressions for the steady-state busy period of repairmen are as follows:
The expected profit PF 2 per unit time incurred to the system in the steady-state is given by: Profit = total revenue generated − accumulated cost incurred due corrective maintenance to the failed system/ subsystems/units.
Availability, Busy Period and Profit Modeling for n = 4
Let ( ) ( ) ( ) ( ) ( ) ( )
be the probability vector for system at time 0 t ≥ . Relating the state of the system at time t and d t t + the differential equations for the system when 4 n = can be expressed in the form: , , , , ,
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The explicit expression for the steady-state availability is as ( ) ( ) ( ) ( ) ( ) ( ) ( )
From state 1 to 13 the repairmen are busy in those states repairing the failed units. Let ( ) 3 T B ∞ be the probabilities that the repairmen are busy in those states repairing the failed units. Using (14) and (15) above, the explicit expressions for the steady-state busy period of repairmen are as follows:
The expected profit 3 PF per unit time incurred to the system in the steady-state is given by: Profit = total revenue generated − accumulated cost incurred due corrective maintenance to the failed system/ subsystems/units.
Availability, Busy Period and Profit Modeling for n = 5
be the probability vector for system at time 0 t ≥ . Relating the state of the system at time t and d t t + the differential equations for n = 5 can be expressed in the form: 
P t P t P t P t P t P t P t P t P t P t P t P t P t P t P t P t P t
The expected profit PF 4 per unit time incurred to the system in the steady-state is given by: Profit = total revenue generated − accumulated cost incurred due corrective maintenance to the failed system/ subsystems/units. Thus
Numerical Illustration
In this section, we numerically obtained and compared the results for system availability and profit function for the developed models It is can be seen from Figure 1 , that availability increases with increase in repair rate 1 α for n = 2, 3, 4, 5
and also the availability increases as n increases. It is evident from Figure 1 that as n increases, the steady state availability also increases. The result in Figure 1 also shows that steady state availability increases with increase in repair and provision of more standby units. Figure 2 shows that the availability decreases with increase in failure rate 1 β . However, availability for n = 2, n = 3, n = 4 decreases more compared to when n = 5. Here the optimal availability result with respect to 1 β is when n = 5. The result here indicates that the availability of the system with more standby units tend to decrease slightly than the system with less standby units. Figure 3 shows that the generated profit increases with increase in repair rate 1 α for n = 2, 3, 4, 5. The profit is higher when n = 5 than when n = 2, 3, 4. It is evident here that provision of more standby units lead to increase in the generated profit. Figure 4 shows that the generated profit decreases with increase in failure rate 1 β . However, the generated profit for n = 2, n = 3, n = 4 decreases more compared to when n = 5. Here the optimal profit with respect to 1 β is when n = 5. This indicates that the generated profit of the system with more standby units tend to decrease slightly than the system with less standby units. These numerical results are summarized in Table 1 . 
Conclusion
In this paper, we constructed four different series-parallel systems consisting of subsystems A, B and C. Subsystems A and B are cold standby with subsystem A containing linear consecutive k-out-of-n units while subsystem B and C consist of a single unit each. We developed the explicit expressions for the availability, busy period and profit for the four systems and performed a comparative analysis. It is interesting to see that as the number of units in subsystem A increases, the availability and profit also increase. Parametric investigation of various system parameters on system availability and profit function has been captured. It is evident from Table 1 that the system with n = 5 units in subsystem A is optimal. The results of this paper are found to be highly beneficial to maintenance managers, reliability engineers, plant management and system designers for the proper maintenance analysis, decision making, system safety, and performance evaluation. 
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